ABSTRACT Mutant Escherichia coli strains in which export of the LamB protein (coded for by the lamB gene) to the outer membrane of the cell is prevented have been described previously. One of these mutant strains contains a small (12-base pair) deletion mutation within the region of the lamB gene that codes for the NH2-terminal signal sequence. In this mutant strain, export but not synthesis of the LamB protein is blocked. We have isolated pseudorevertants that restore export of functional LamB protein to the outer membrane. DNA sequence analysis showed that two of the revertants contain a point mutation in addition to the original deletion. These point mutations lead to amino acid substitutions within the signal sequence. Our results indicate that these secondary mutations efficiently suppress the export defect caused by the deletion mutation. Analysis of the secondary structure of the wild-type, mutant, and pseudorevertant LamB signal sequences suggests that the secondary mutations restore export by allowing the formation of a stable a-helical conformation in the central, hydrophobic region of the signal sequence.
The mechanism of protein secretion in both prokarvotic and eukaryotic cells appears to require the presence of an extra sequence of predominantly hydrophobic amino acids at the NH2 terminus of the protein. This extra amino acid sequence has been termed the signal sequence. The signal sequence is proposed to participate in binding the translation complex to a specific membrane receptor, thereby allowing cotranslational transfer of the polypeptide across the membrane (1) . At present, the nature of the components of the signal sequence that permit this recognition and subsequent initiation of the secretion process are not known.
We have used a genetic approach to study the role of the signal sequence in protein localization. Specifically, we have analyzed export of the Escherichia coli outer membrane protein, LamB. This protein facilitates the passage of maltose and maltodextrins through the outer membrane and serves as the receptor for bacteriophage A (2, 3) . Like other exported proteins, LamB is initially synthesized on membrane-bound ribosomes in precursor form with a signal sequence (25 amino acids) at the NH2 terminus (4) (5) (6) .
We have demonstrated that the signal sequence of the LamB protein plays an essential role in initiating the localization of this protein to the outer membrane. Export-defective lamB mutants have been isolated (7, 8) . The mutations present in these strains alter the LamB signal sequence and cause precursor accumulation in the cell cytoplasm (9, 10) . Here we report the isolation and characterization of two revertants of one of the export-defective mutants. Our results indicate that the secondary structure of the signal sequence plays a critical role in the initiation of LamB export. Strains and Phages. E. coli strains MC4100 [F-araDl39 A(lac)U169 rpsL relA flbB ptsF thi], SE2078 (MC4100 lam-BS78), SE3001 [MC4100 A(malB)1], and SE3015 [MC4100 A(malB)15] have been described (7) . Phage Aap A(malB)j is a A-480 hybrid transducing phage carrying all of the malB region except for the promoter-distal portion of the lamB gene. The deletion A(malB)1 extends from within the malK gene (promoter proximal to lamB) into the lamB gene (7, 11) .
MATERIALS AND METHODS
Media, Chemicals, and Enzymes. Media have been described (7, 12) . N-methyl-N'-nitro-N-nitrosoguanidine (NG) was from Sigma. DNA restriction and modifying enzymes were purchased from Bethesda Research Laboratories and radiolabeled compounds were from New England Nuclear. Genetic Techniques. Standard bacterial and phage techniques and NG mutagenesis were done as described by Miller (12) .
DNA Sequence Analysis. Phage DNA strand separation and DNA sequence analysis were done as described (6, 9, 13).
Radiolabeling and Immune Precipitation.
[35S]Methionine labeling and immune precipitation of LamB protein were done as described (14) .
Cell Fractionation. Bacterial inner and outer membranes were separated by using the selective solubilization technique as described (15) .
Polyacrylamide Gel Electrophoresis. LamB immune precipitates and cell fractions were run on 30-cm 9% NaDodSO4/ polyacrylamide gels as described (7, 16) . RESULTS 
Selection of Mutants that Restore Export of Internalized
LamB Protein. We have isolated several mutations (point mutations and deletions) that lead to amino acid alterations in the LamB signal sequence (7) (8) (9) (10) . These mutations prevent export of the protein. However, they do not block synthesis, and the precursor form of the LamB protein can be detected accumulating in the cytoplasm of the cell with its mutant signal sequence still attached. The only apparent defect in these cells appears to be at the level of signal sequence recognition. By isolating general suppressors of signal sequence mutations, we have, in fact, demonstrated that functional LamB protein can be efficiently exported and processed in the suppressed mutant cells (14, 17) . Furthermore, we have shown that several of the Abbreviations: Genetic nomenclature is from Bachmann et al. (29) . Phenotype abbreviations are Mal, maltose; Dex, maltodextrin; s, sensitive;
, resistant. Other abbreviations are NG, N-methyl-N'-nitro-N-nitrosoguanidine; (Pa) and (P,F), the average a-helix and P-sheet conformational parameters, respectively, for any calculated sequence (19, 20 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be herebv marked "advertisement" in accordance with 18 U.S.C. §1734 solelv to indicate this fact.
signal sequence point mutations and one of the deletion mutations (SE2078) do not cause an absolute export-negative phenotype (7). Rather, it is possible to detect a very small amount *of LamB protein'in the outer membrane of these cells. Thus, in the case of these mutants, signal sequence recognition can still occur albeit with poor efficiency. This efficiency can be increased by the presence of suppressor mutations that are unlinked to the lamB gene. Most likely these suppressor mutations affect other cellular components involved in signal sequence recognition. We reasoned that it might also be possible to restore export by isolating secondary mutations within the lamB gene. Analysis of these double mutants could provide information regarding the structural features of the LamB signal sequence that are important for its recognition. Functional LamB protein in the outer membrane is required for growth on maltodextrins. This fact provides us with a simple method for selecting revertants. We employed the deletion mutant SE2078 in our selection. Because SE2078 contains the lamBS78 deletion (12 base pairs deleted within the coding region for the signal sequence), back mutation to wild type is not possible. Any reversion mutations isolated in this strain must be the result of second-site mutations and should therefore be enriched for the desired class of pseudorevertants.
Spontaneous and NG-induced maltodextrin-positive (Dex+) revertants of SE2078 were selected on minimal Dex plates. Eight independent revertants were picked (four NG-induced and four spontaneous) for further analysis. The revertants were tested for sensitivity to bacteriophage A, a very specific and sensitive indicator for the presence of LamB protein in the outer membrane of the cell (18) . All eight exhibited a A-sensitive (AS) phenotype. The simultaneous appearance of a Dex+ and As phenotype strongly indicates that LamB protein is present in the outer membrane of these cells.
Mapping of the Suppressor Mutations. To determine whether the Dex+ As revertants of strain SE2078 are due to secondary mutations linked to the lamB gene, P1 lysates made on the revertants were used to transduce strain SE3001 to Mal+. Strain SE3001 contains a deletion, A(malB)1, that removes a portion of the lamB gene (corresponding to the signal sequence) and, in addition, a portion of the promoter-proximal gene malK.
Growth on maltose minimal medium does not require LamB protein; however, functional MalK protein is essential. Consequently, Mal+ transductants selected in this way must have acquired both a functional malK gene and, because of the nature of the A(malB)l deletion, the promoter-proximal portion of the lamB gene. Because the signal sequence deletion mutation, lamBS78, present in strain SE2078 maps under A(malB)1 (7), this mutation must also be present in the transductants.
Several (6) the secondary mutations present in these three strains are very tightly linked to the promoter proximal portion of the lamB gene (the region coding for the signal sequence). Two pseudorevertants were derived from NG mutagenesis. The remaining mutant is a spontaneous pseudorevertant. We used two of these Dex+ A' pseudorevertants for further studies. One, SE2078rl, was derive4 from NG mutagenesis, and the other, SE2078r2, was the single spontaneous mutant.
The remaining five Dex+ AS revertants of SE2078 appear to contain suppressor mutations unlinked to the lamB gene. We previously identified three chromosomal loci (priA, priB, and priC) unlinked to lamB that can cause suppression of lamB signal sequence mutations (14) . To see if the five revertants might represent previously unrecognized isolates of mutations at any of these three prl loci, two of the five were further mapped by methods previously described (14) . Both were found to map at a position on the E. coli chromosome corresponding to the location of the priA locus. Therefore, these unlinked suppressors appear to represent previously unrecognized isolates of one of the previously identified prl loci. For this reason, no further analysis of these unlinked mutations will be discussed.
Effect of the Secondary Mutations on LamB Protein Synthesis. LamB export is prevented in the lamB mutant SE2078. The precursor form of LamB protein accumulates in the cytoplasm of such cells (7) . This precursor can be detected by specific immune precipitation of LamB protein from [3S]methionine-labeled whole cell extracts of SE2078 (17) . When [35S]_ methionine-labeled extracts of the Dex+ As revertants of SE2078 (SE2078rl and SE2078r2) were treated in a similar fashion, two bands were detected on NaDodSO4/polyacrylamide gels (Fig.  1) . One band corresponds to the precursor LamB protein that had accumulated in SE2078 and the other comigrates with wildtype mature LamB.protein. Efficient processing of precursor LamB protein is detected in strains containing the secondary mutations. Although this processing appears to occur at the normal site, verification must await NH2-terminal amino acid analysis of the processed form of the protein.
We also analyzed the level of synthesis of LamB protein in these double mutants. An excess of anti-LamB protein sera was used to precipitate LamB protein from an equal portion of laa. (9) . The sequence of the secondary mutations has been determined by using a similar approach. The mutations were first recombined onto the Aap A(malB)l phage by P1 transduction, as already described (7) .
We confirmed the presence of the secondary mutations on the Aap phage by demonstrating that the phages could rescue strain SE2078 to Dex+ As by recombination. For the DNA sequence analysis, we used DNA primers that permitted us to sequence the mutations from both of the separated strands of the phage DNA. This ensured accuracy of the sequence analysis results.
The results show that the 12-base-pair signal sequence deletion present in the parent strain SE2078 is, as expected, still present in both of the Dex+ As revertants analyzed. In addition, each strain also contains a point mutation within the region of lamB coding for the signal sequence. The point mutations lead to amino acid substitutions in the signal sequence. In strain SE2078rl, a glycine (GGC) residue at position 13 of the mutant signal sequence is replaced by a cysteine (TGC). In strain SE2078r2, the proline (CCC) residue at position 9 is replaced by a leucine (CTC).
The nucleotide changes in the DNA of the revertants does not appear to lead to the formation or removal of any significant nucleic acid secondary structures. However, analysis of polypeptide secondary structure does suggest certain alterations. By using the method of Chou and Fasman (19, 20) , the predicted amino acid secondary structure of the wild-type LamB signal sequence and that of SE2078 and its Dex+ As revertants were calculated (21, 22) . The analysis showed that the most probable conformation of the wild-type LamB signal sequence is an a helix (Fig. 3) . In particular, the central segment of the signal sequence (residues 10 through 16) exhibits a significantly higher potential for a-helix formation ((Pa) = 1.29) than for A3-sheet formation ((PP) = 1.15). This sequence is flanked by amino acid residues known to break a-helix and /3-sheet conformations (proline at position 9 and glycine at position 17). The central a helix is predicted to terminate in the region of these two residues.
When a similar analysis was made of the LamB signal sequence in strain SE2078, the.most striking feature was the predicted absence of a central a-helical segment. The deletion present in this strain removes four amino acid residues present in this a-helical segment. The loss of these amino acids should prevent the nucleation of an a helix in this region. No stable structure is predicted and this sequence probably exists as a random coil (Fig. 3) . With Dex+ As revertants of SE2078, the amino acid substitutions, either glycine for cysteine or proline for leucine, should restore an a-helical conformation to the central segment of the signal sequence. In the first case the a helix would extend into this region from the COOH-terminal portion of the signal sequence; in the second case it would extend in from the NH2-terminal portion of the signal sequence.
The analysis also predicts a /3 turn just beyond the processing site for the LamB signal sequence. This feature has also been predicted in many other signal sequences that have been analyzed in a similar manner (21-25).
DISCUSSION
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signal sequence secondary structure in the initiation of protein export. To select such mutants, we have used a previously described lamB mutation that alters the LamB protein signal sequence and thereby prevents export of this protein to the outer membrane (7, 9) . Several revertants of this mutation have been isolated. Two have been found to contain mutations that map in the portion of the lamB gene that encodes the LamB signal sequence. Efficient export and apparently normal processing of the LamB protein is restored in the revertants. We suggest that the signal sequence alterations caused by these mutations suppress the export defect present in the original mutant by affecting the secondary structure of the signal sequence.
Strains containing the secondary mutations were selected as Dex+ As pseudorevertants of the Dex-Ar lamB signal sequence deletion mutant SE2078. Of eight such revertants isolated, three were found to be genetically linked to the lamB gene and five were found to be unlinked. Of the five, two were tested for linkage to loci (prLA, priB, and priC) that have been shown previously to allow general suppression of both lamB and malE (codes for the periplasmic maltose-binding protein) signal sequence mutations (14, 17) . Both were found to be linked to the prlA locus.
Two of the three linked mutations were chosen for further characterization (one NG-induced and one spontaneous mutant). Immune precipitation of LamB protein from SE2078 and both of these double mutants indicated that the secondary mutations allow efficient processing of precursor LamB protein.
Based on the observed reduction in molecular weight, this processing appears to occur at the normal site (Fig. 1) . Cell fractionation of the mutants revealed further that the processed LamB protein detected in these cells is localized exclusively to the outer membrane (Fig. 2) . Approximately 75-80% of the wild-type levels of LamB protein are present in the outer membrane of the double mutants. Other outer membrane proteins as well as cellular proteins in general appear unaffected by the secondary mutations. In addition, no growth defects have been detected in these strains. This absence of any detectable cellular defects and the dramatically efficient export and processing of LamB protein in the double mutants suggest that LamB protein export is occurring via its normal route.
DNA sequence analysis shows that the NG-induced secondary mutation leads to an amino acid substitution of a leucine (CTC) for a proline (CCC) at residue 9 of the mutant signal sequence (Fig. 3) . This mutation corresponds to a G:C to A:T transition, an event known to be induced by NG mutagenesis (26) . On the other hand, the spontaneous secondary mutation is the result of a transversion (G:C to T:A), in which a glycine (GGC) is replaced by a cysteine (TGC) residue at position 13 of the mutant signal sequence.
Analysis of the secondary structure of the wild-type LamB signal sequence, as well as that of SE2078 (21, 22) and the two double mutants, suggests that the export defect present in strain SE2078 is the result of the inability of the central region of the mutant LamB signal sequence to maintain an a-helical conformation. The secondary mutations are predicted to restore an ahelical conformation to this portion of the signal sequence. Each leads to a change in a residue known to inhibit a-helix propagation (proline and glycine) to residues that are commonly found in a helices (19, 20) .
It is important to note that the deletion mutation present in strain SE2078 does not remove any of the amino acids that can be altered to yield an export-negative phenotype (7, 9). MulProc. Natl. Acad. Sci. USA 80 (1983) Proc. Natl. Acad. Sci. USA 80 (1983) 4603 tiple isolates of several of these export-defective point mutants have been found, suggesting that these amino acids represent a subset of key residues that are important for recognition during the initiation of export. The data suggest that the deletion in the LamB signal sequence of strain SE2078 prevents export by disrupting an important secondary structure in this critical segment of the signal sequence. Certain amino acids present in this segment of the signal sequence must be in the correct conformation to participate in specific recognition by the export machinery.
Additional support for this proposal comes from a general analysis of signal sequence peptides. The amino acid sequence of many secreted protein precursor segments have been determined, yet no apparent clear homologies have been detected at the primary sequence level. This has led to the suggestion that certain general conformational features of the signals are functionally important for recognition. These include the presence of a predominantly hydrophobic central segment and the presence of one to three charged basic amino acid residues near the NH2-terminal end of most signal sequences. The involvement of signal peptide secondary structure in signal sequence recognition has also been suggested by the apparent similarity of the predicted structure for several different signals from both prokaryotic and eukaryotic cells (21) (22) (23) (24) (25) . In fact, Rosenblatt et al. (27) have recently demonstrated through spectroscopic studies that the signal sequence peptide of pre-parathyroid hormone assumes a highly structured a-helical conformation in a nonpolar environment. They further showed that the structure for this sequence as predicted by the Chou and Fasman rules (19, 20) agreed well with these studies. Besides the lamB deletion mutant described here, an export-defective mutational alteration in the maltose-binding protein signal sequence has also been suggested to prevent export by altering signal sequence secondary structure. This mutation leads to the exchange of a proline for a leucine at amino acid residue 10 or the signal sequence (21, 22, 28) . The continued application of a genetic approach similar to that described here should yield additional insights into the role of other features of the signal sequence that are critical for its efficient recognition in export initiation.
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